The adenovirus E1A 243R oncoprotein is capable of transactivating the expression of the human proliferating cell nuclear antigen (PCNA) promoter. Mutational analysis of the E1A 243R protein suggested that both its p300/CBP-and p107-binding regions are required for optimal induction of the PCNA promoter (C. Kannabiran, G. F. Morris, C. Labrie, and M. B. Mathews, J. Virol. 67:425-437, 1993). We show that overexpression of p107 antagonizes the induction of PCNA by E1A 243R in transient expression assays. This inhibition is largely independent of p107's ability to interact with E1A 243R, because p107 mutants unable to bind to E1A 243R retain the ability to repress the E1A-activated PCNA promoter. Electrophoretic mobility shift assays with the PCNA promoter detected the presence of p107 in one of the major DNA-protein complexes, EH1, formed with HeLa cell nuclear extracts. Promoter mutations that disrupt the formation of complex EH1 abrogated p107's ability to reverse E1A 243R-induced PCNA expression. The same mutations characterize a sequence important for the binding of transcription factor RFX1 (C. Labrie, G. The adenovirus E1A oncogene products are multifunctional proteins which possess both transforming and transactivating capabilities (6, 51, 55) . Alternative splicing of the E1A transcript produces at least five E1A mRNAs, chiefly the 13S and 12S species (7, 11), which are translated into proteins containing 289 and 243 amino acid residues, respectively (referred to as E1A 289R and E1A 243R) (6, 44). While the transforming functions of E1A map to regions common to the 289R and 243R proteins (60), the CR3 domain unique to the 289R species endows it with potent transactivation properties (6, 44, 51, 55) .
The adenovirus E1A oncogene products are multifunctional proteins which possess both transforming and transactivating capabilities (6, 51, 55) . Alternative splicing of the E1A transcript produces at least five E1A mRNAs, chiefly the 13S and 12S species (7, 11) , which are translated into proteins containing 289 and 243 amino acid residues, respectively (referred to as E1A 289R and E1A 243R) (6, 44) . While the transforming functions of E1A map to regions common to the 289R and 243R proteins (60) , the CR3 domain unique to the 289R species endows it with potent transactivation properties (6, 44, 51, 55) .
Concomitant with its ability to induce DNA synthesis and mitosis in quiescent cells (44, 54, 56) , the adenovirus E1A gene can activate the expression of the proliferating cell nuclear antigen (PCNA), a highly conserved protein intimately involved in cellular DNA synthesis (47, 66) . As an integral component of the eukaryotic DNA replication machinery, PCNA plays a crucial role in normal cellular growth and differentiation. PCNA is believed to function in a manner analogous to a sliding clamp to increase the processivity of DNA synthesis as an auxiliary factor of DNA polymerase-␦ and is necessary for the replication of both leading-and lagging-strand DNA in an in vitro simian virus 40 replication system (9, 52, 53, 58, 59, 62) . In vivo, PCNA is required for growth and cell cycle progression in both yeast (4) and mammalian cells (31, 40) and is found in quaternary complexes containing cyclins, cyclin-dependent kinases (CDKs), and the inhibitor p21 (63) (64) (65) 67) . Although PCNA protein and mRNA levels change relatively little in cycling human HeLa (45) and Chinese hamster ovary (40) cells, they increase dramatically upon stimulation of quiescent cells by mitogenic agents, including serum and growth factors or during the course of viral infection (1, 8, 31, 42, 66) .
In light of its essential role in normal cell cycle regulation, the induction of PCNA during the transformation of quiescent rodent cells by adenovirus (66) represents an informative system for studying the mechanisms underlying cellular transformation and transactivation by the adenovirus E1A oncogene products. We previously demonstrated that activation of PCNA expression by the E1A oncoproteins occurs at the transcriptional level through an increase in PCNA promoter activity (46) . Significantly, the PCNA promoter is induced equally well by the smaller E1A 243R protein and by the larger E1A 289R species, indicating that the CR3 region is dispensable for PCNA activation by E1A (47) . Analysis of the PCNA promoter revealed that its induction by E1A 243R occurs through a novel cis-acting PCNA E1A-responsive element (PERE) which resides between nucleotides Ϫ59 and Ϫ45 relative to the transcriptional start site (35) and can confer induction by the E1A 243R oncoprotein upon a normally E1A-unresponsive heterologous promoter (48) . The PERE contains a sequence homologous to an activating transcription factor (ATF) motif (5Ј-TGACGTCG-3Ј) at its 3Ј end, and the ATF-1 and CREB transcription factors have been shown to be major components of PERE-protein complexes (35) (36) (37) . In addition, we have shown that RFX1, a ubiquitous transcription factor with both activation and repression properties (33), binds to a site which overlaps with the ATF-CREB consensus motif and extends to sequences immediately downstream of the PERE (36) .
Most of E1A's pleiotropic actions are mediated by its capacity to bind and subvert the function of well-characterized and important cellular regulatory proteins, including the retino-blastoma susceptibility gene product, pRB; pRB-related proteins p107 and p130; and the transcriptional coactivators p300 and CBP (the CREB-binding protein) (2, 3, 5, 19, 20, 41, 43) . Our recent investigation of the role played by the p300/CBP coactivators in E1A-induced PCNA expression supported a mechanism whereby E1A 243R can target and transactivate the PCNA promoter via a CBP-CREB-PERE pathway (37) . However, results obtained with a panel of E1A mutants argued that E1A 243R displays a functional redundancy in its capacity to activate the PCNA promoter and most likely induces PCNA expression by multiple mechanisms via interactions with more than one E1A-binding protein (32, 50) . In particular, optimal activation of PCNA by E1A 243R requires domains of E1A 243R that interact with both the cellular transcriptional coactivators p300/CBP and the retinoblastoma-related tumor suppressor protein p107 (32) .
Here we set out to assess the role of the retinoblastomarelated tumor suppressor protein p107 in transactivation of the PCNA promoter. First, we examined the consequences of overexpressing p107 on PCNA promoter activity in transient transfection assays. Our data indicate that p107 antagonizes the ability of E1A 243R to transactivate a PCNA-chloramphenicol acetyltransferase (CAT) reporter gene and that this inhibitory effect is independent of p107's ability to associate with E1A 243R, but dependent on an RFX1-binding site contained in the promoter. In addition, we detected an association between p107 and the PCNA promoter, finding that RFX1 and FIG. 2. p107 antagonizes E1A 243R-induced PCNA expression independent of its E1A-binding ability. Wild-type (WT) PCNAϪ87 CAT plasmid reporter (10 g) was cotransfected into HeLa cells with either pCMV12S.FS as a control or pCMV12S (E1A 243R) and increasing amounts (0, 2, 4, or 6 g) of either wild-type pCMV107 or mutant pCMV107DE expression plasmids. CAT activity was corrected for ␤-galactosidase activity generated from a cotransfected reporter plasmid and expressed as the means Ϯ the standard deviation relative to the level of CAT activity obtained by cotransfection of wild-type PCNAϪ87 CAT with pCMV12S.FS. These data represent the means of three independent transfections performed in duplicate. VOL. 72, 1998 p107 ANTAGONIZES PCNA PROMOTER TRANSACTIVATION BY E1Ap107 are present in the same DNA-protein complex in a mobility shift assay. These results provide direct evidence for the involvement of p107 in the regulation of the PCNA promoter by E1A 243R and suggest novel transcriptional regulatory roles for p107 in gene expression and growth control in normal cells.
MATERIALS AND METHODS
Plasmids. Wild-type PCNAϪ87 CAT and constructs Ϫ46/Ϫ39, ATF-BAM, Ϫ56GA, and Ϫ59/Ϫ56 CAT were described previously (35, 46) . Reporter plasmids Ϫ53GT and Ϫ44/Ϫ40 PCNA-CAT contain single or multiple mutations in the PCNA promoter and were created by using an oligonucleotide-directed mutagenesis kit (Amersham, Buckinghamshire, United Kingdom). 44/Ϫ40 PCNA-CAT contains a 5-bp clustered mutation (5Ј-CAACG-3Ј35Ј-ATCGA-3Ј) between sites Ϫ44 and Ϫ40 of the PCNA promoter, while Ϫ53GT PCNA-CAT contains a single G-to-T point mutation at position Ϫ53 of the promoter. Plasmids expressing the E1B 19-kDa protein (pCMV19K), ␤-galactosidase (pCMV␤-gal), E1A243R (pCMV12S), and a truncated form of E1A 243R product (pCMV12S.FS, predicted to encode only the first 22 amino acids of E1A 243R), under the control of the cytomegalovirus promoter have been described previously (47) . Plasmid pCH110 (25) , which also expresses ␤-galactosidase, was obtained from M. Gilman (Ariad Pharmaceuticals), and constructs expressing wild-type p107 (pCMV107) and p107DE (pCMV107DE) (68), a mutant form of p107 which does not bind to E1A 243R, were generously provided by M. Ewen (Dana-Farber Cancer Institute). All plasmids were purified by two cesium chloride gradient ultracentrifugations followed by polyethylene glycol precipitation to remove low-molecular-weight RNA.
DNA probes. PCNA promoter fragments (ϳ150 bp) used as electrophoretic mobility shift assay (EMSA) probes encompass nucleotides from Ϫ87 to ϩ62 relative to the transcription start site of the human PCNA promoter. They include wild-type EH87, EHϪ46/Ϫ39, EHϪ44/Ϫ40, and EHATF-BAM probes. Sequences of wild-type EH87 and mutants EHϪ46/Ϫ39 and EHATF-BAM have been reported previously (35, 36) . DNA fragments EHϪ44/Ϫ40 and EHϪ53GT contain the mutations described in the corresponding Ϫ44/Ϫ40 and Ϫ53GT PCNA-CAT plasmids described above. All DNA fragments (wild type or mutant derivatives) were prepared by digestion of wild-type PCNAϪ87 CAT plasmid or mutant reporter plasmids with EcoRI and HindIII and were radiolabeled with [␣-
32 P]dATP (3,000 Ci/mmol) and cold deoxynucleoside triphosphates with DNA polymerase I (Klenow fragment). Probes were isolated by electrophoresis in native 6% polyacrylamide gels and eluted from gel slices in oligonucleotide buffer (10 mM Tris [pH 8.0], 100 mM NaCl, 1 mM EDTA) containing 0.5% sodium dodecyl sulfate. After phenol extraction and ethanol precipitation, purified probes were dissolved in oligonucleotide buffer.
EMSAs. Nuclear extracts were prepared according to a modified version of the Dignam procedure described previously (17, 36) . EMSA was carried out as before (36) . Typically, assays were performed with a 20-l reaction mixture containing 1ϫ EMSA buffer (12 mM HEPES [pH 7.6], 50 mM NaCl, 1 mM dithiothreitol, 5% [vol/vol] glycerol), 1.5 g of poly(dI-dC)-poly(dI-dC) as nonspecific DNA competitor, 5 g of HeLa cell nuclear extract, and 20,000 cpm of DNA fragment probe. Incubations were conducted on ice for 15 min in the absence of probe, followed by incubation at 16°C for 15 min after addition of the probe. When indicated, antibody was added to the binding reaction mixture at least 1 h prior to the addition of probes, and the incubation was performed at 4°C. Protein-DNA complexes were resolved in 4.5% polyacrylamide (39:1 N,NЈ-methylenebisacrylamide)-0.25ϫ Tris-borate-EDTA gels.
Antibodies. Anti-RFX1 antibody was a generous gift from P. Hearing (SUNY-Stony Brook), and p107 (SD9), anti-p53 (D0-1), and anti-ATF-1 (C41-5.1) monoclonal antibodies were obtained from Santa Cruz Biotechnology, Inc.
Transfections. Transient expression assays were performed in duplicate in American Type Culture Collection HeLa cells (passages 6 to 13) as described previously (47) . Briefly, cells at 40 to 50% confluence were transfected by the calcium phosphate coprecipitation technique (61) . Unless otherwise indicated, each 6-cm-diameter plate received a total of 20 g of DNA, including 10 g of reporter construct, 0.5 g of either pCMV12S or pCMV12S.FS, 0.5 g of pCMV19K, and 1 g of pCMV␤-gal or pCH110 as a control for transfection efficiency and salmon sperm carrier DNA. The plasmid pCMV19K encodes the E1B 19-kDa protein, which stabilizes transfected DNAs (28, 47) and was included to enhance the level of transfected reporter plasmid and improve sensitivity. The cells were washed twice with phosphate-buffered saline, and fresh medium was added 16 h after the transfection. Cells were harvested 48 h after the transfection.
CAT and ␤-galactosidase assays. Cell extracts were prepared by freezing and thawing cells in 0.25 M Tris-HCl (pH 8.0). CAT assays were performed so that they yielded values within the linear range of the assay. Usually, up to 50 l of cell extract was added to the 100-l CAT assay reaction mixture. Thin-layer chromatograms were quantified with a Betascan System (AMBIS, San Diego, Calif.), and CAT activity was expressed as the percentage of chloramphenicol acetylated by 50 l of cell extract incubated at 37°C for 1 h. ␤-Galactosidase assays were performed as described previously (27) . Reaction mixtures were incubated at 37°C, and reactions were stopped by addition of 1 M Na 2 CO 3 . ␤-Galactosidase activity was expressed as the optical density at 420 nm obtained with 50 l of extract incubated at 37°C for 1 h. All CAT assay results were normalized to the levels of ␤-galactosidase activity.
RESULTS
p107 antagonizes E1A 243R-transactivated PCNA promoter activity. Analysis of a panel of E1A 243R deletion and point mutants for their abilities to activate PCNA promoter-directed reporter gene expression in HeLa cells suggested that E1A activates transcription of the PCNA gene by multiple mechanisms and that of the known E1A 243R-associated cellular proteins, p300/CBP and p107 are good candidates for mediating transactivation of the PCNA promoter by E1A 243R (32) . The involvement of the p300/CBP pathway has recently been confirmed (37) . To characterize the putative role of p107 in PCNA gene expression, we began by examining the effects on basal and E1A 243R-induced PCNA levels of overexpression of p107 in transient expression assays. While the overexpression of p107 (2 g of plasmid) in HeLa cells did not have any detectable effect on basal transcription from the wild-type PCNAϪ87 CAT reporter, E1A 243R-induced PCNA-CAT expression was significantly reduced compared to reporter levels in the absence of overexpressed p107 at all concentrations of cotransfected E1A 243R tested (from 0.1 to 2.5 g of E1A 12S
FIG. 3. EMSA complex EH1 contains both p107 and RFX1. (A) An endlabeled PCNA promoter fragment from Ϫ87 to ϩ62 relative to the transcription initiation site (EH87) was incubated with 5 g of HeLa cell nuclear extract, and the protein-DNA complexes were resolved on a 4.5% native polyacrylamide gel. Extracts were incubated in the absence (lanes 1 and 7) or the presence of antibodies (␣) against either RFX1 (lane 3), p53 (lane 4), p107 (lane 5), or ATF-1 (lane 6). As a control, nuclear extract was incubated with normal rabbit serum (NRS) (lane 2). Complexes EH1 to EH5 are denoted in order of increasing mobility. (B) Formation of complex EH1 depends on an intact RFX1 site. Probes derived from the wild-type PCNAϪ87 CAT construct (EH87) or from promoter constructs harboring mutations from Ϫ50 to Ϫ47 (EH ATF-BAM), Ϫ46 to Ϫ39 (EH Ϫ46/Ϫ39), Ϫ44 to Ϫ44 (EH Ϫ44/Ϫ40), or a G-to-T point mutation at position Ϫ53 (EH Ϫ53GT) were incubated with HeLa nuclear extract (5 g), and the protein-DNA complexes were resolved in a native gel. plasmid) (Fig. 1) . This inhibitory effect of p107 on E1A-induced PCNA expression was confirmed in reciprocal experiments with various concentrations of cotransfected p107 plasmid. HeLa cells were cotransfected with increasing amounts of p107 (from 0 to 6 g), and a constant amount of wild-type E1A 12S (0.5 g) or a control plasmid, E1A 12S.FS (0.5 g). Again, overexpression of p107 did not exert any detectable effect on basal transcription levels from the PCNAϪ87 CAT reporter construct, even at the largest amounts of cotransfected p107 plasmid (Fig. 2) . In the absence of transiently expressed p107, the E1A 12S plasmid stimulated PCNA-CAT expression by 30-to 35-fold. However, overexpression of p107 dramatically reduced E1A 243R's ability to stimulate PCNA-CAT levels to less than 10-fold in a dose-dependent fashion (Fig. 2) .
To determine whether the inhibitory effect of p107 was simply attributable to squelching (the sequestration of E1A 243R by p107 in an inactive complex), we conducted similar experiments with a p107 mutant (p107DE) deficient in its capacity to bind to the E1A protein. Like wild-type p107 protein, expression of p107DE (from 0 to 6 g) had no significant effect on basal PCNA-CAT levels but inhibited the E1A 243R transactivation of PCNA-CAT levels in a dose-dependent manner, although it was somewhat less effective than wild-type p107 overexpression (Fig. 2) . This dose-dependent inhibition of E1A 243R-induced PCNA-CAT levels was also observed with two other p107 mutants, p107EC and p107F846 (68) , that are deficient in binding to E1A 243R (data not shown). Thus, p107 appears to exert an inhibitory effect on E1A-transactivated PCNA expression that is independent of its binding to E1A 243R.
Association of p107 with the PCNA promoter in vitro. The reversal of E1A 243R-induced PCNA promoter activity by p107 in vivo raised the possibility that p107 might associate with the promoter. We previously used an EMSA to characterize the interaction of cellular factors with the promoter (36) . When the DNA probe (EH87), containing wild-type PCNA promoter sequences from Ϫ87 to ϩ62 relative to the transcription initiation site, was incubated with HeLa cell nuclear extract, five major DNA-protein complexes (EH1 to EH5) were formed (36) (Fig. 3A, lanes 1 and 7) . To determine whether any one of these DNA-protein complexes contains p107, we performed an antibody interference experiment with an antibody directed against the p107 cellular factor. Preincubation of HeLa cell nuclear extracts with p107 monoclonal antibody SD9 specifically supershifted the EH1 complex (lane 5). The supershifted band was more intense than the EH1 band in control lanes, suggesting that the p107 antibody stabilizes the EH1 complex. None of the EH87 protein complexes was altered by an unrelated monoclonal antibody directed against p53 (lane 4), consistent with our previous observation that p53 binds to upstream PCNA promoter sequences not contained in the EH87 probe (49) . In contrast, a monoclonal antibody against the ATF-1 transcription factor previously shown to disrupt PCNA promoter-protein complexes (36) disrupted EH87 complexes EH3 and EH4 (lane 6), demonstrating the specificity of the p107 antibody for complex EH1. Although p107 associates FIG. 4 . p107 inhibition of E1A 243R-induced PCNA expression is dependent on the RFX1-binding site. HeLa cells were transfected with either wild-type PCNAϪ87 CAT or Ϫ44/Ϫ40 CAT reporter plasmid (10 g), pCMV12S.FS or pCMV12S, and increasing amounts of pCMV107 (0, 2, or 4 g) or pCMV107DE (0, 2, 4, or 6 g) expression plasmid. CAT activity was calculated as described in the legend to Fig. 1 and represents the average of three independent experiments performed in duplicate with standard deviations indicated.
with cyclin A and CDK2 in vivo (10, 16, 22, 23) , antibodies against these proteins did not perturb any of the EMSA complexes (data not shown). These data suggest that p107 is a component of complex EH1.
Complex EH1 formation is dependent on RFX1-binding site sequences and contains RFX1. Previous studies led us to suspect that nucleotide sequences important for the formation of EH1 are also essential for the binding of the transcription factor RFX1 to the PCNA promoter (36) . This idea was strengthened by the results of EMSA with EH probes containing mutations within the RFX1-binding site, namely EHϪ46/ Ϫ39, EH ATF-BAM, and EHϪ44/Ϫ40. As shown in Fig. 3B , the formation of complex EH1 was reduced in all cases (Fig.  3B, lanes 2 to 4) . These results indicated that sequences between Ϫ50 and Ϫ40 are important for EH1 complex formation. Moreover, a mutation further upstream (EHϪ53GT) that enhances the binding of RFX1 (39a) increased the formation of the EH1 complex (lane 5). To determine directly whether RFX1 is a component of complex EH1, HeLa cell nuclear extract was preincubated with an antibody raised against RFX1. The RFX1 antibody specifically affected complex EH1 (Fig. 3A, lane 3) , either causing a weak supershift or abrogating the band, whereas normal rabbit serum had no effect (Fig.  3A, lane 2) . These data show that EH1 is a multiprotein complex, containing both the RFX1 transcription factor and p107.
Inhibition of E1A 243R-transactivated PCNA expression requires an intact RFX1 site. Since p107 and RFX1 are components of complex EH1 and EH1 formation is dependent upon sequences that are important for RFX1 binding, it seemed possible that p107 inhibition might be effected via the RFX1 site. We therefore determined whether p107 overexpression can reverse the E1A 243R-induced expression from the PCNA promoter containing mutations in the RFX1-binding site. HeLa cells were cotransfected with either wild-type PCNAϪ87 CAT or Ϫ44/Ϫ40 CAT and increasing amounts of p107 to assess the effect of this promoter mutation on the inhibitory action of overexpressed p107. The Ϫ44/Ϫ40 mutation increased basal transcription levels slightly compared to those of the wild-type promoter, but overexpression of p107 had no significant effect on basal expression in either case. As in Fig.  1 and 2 , p107 overexpression greatly reduced E1A 243R-induced PCNA-CAT levels from those of wild-type PCNAϪ87 CAT (Fig. 4) , but was much less inhibitory with the Ϫ44/Ϫ40 CAT reporter (Fig. 4) . To eliminate confounding effects of squelching, we repeated this experiment with the mutant p107DE protein. The results of Fig. 5 show that p107DE behaved similarly to wild-type p107 in that it antagonized E1A 243R-transactivated PCNA-CAT levels with the Ϫ44/Ϫ40 promoter mutation only weakly compared to the wild-type promoter. Thus, the Ϫ44/Ϫ40 promoter mutation significantly relieves the inhibition of E1A-induced transactivation by p107.
We extended these experiments to further promoter mutants to determine whether reversal of E1A 243R-induced transactivation by p107 requires an intact RFX1 site. The Ϫ44/ Ϫ40 and Ϫ46/Ϫ39 mutations, which both adversely affect RFX1 binding and EH1 complex formation in vitro (36) (Fig.   FIG. 5 . Inhibition of E1A-induced PCNA activity by p107DE is also dependent upon RFX1-binding site sequences. HeLa cells were transfected with either wild-type (WT) PCNAϪ87 CAT or Ϫ44/Ϫ40 CAT reporter plasmid (10 g), pCMV12S.FS or pCMV12S, and increasing amounts of pCMV107DE (0, 2, 4, or 6 g) expression plasmid. CAT activity was calculated as described in the legend to Fig. 1 and represents the average of three independent experiments performed in duplicate with standard deviations indicated. 3B), eliminated the ability of p107 to antagonize E1A 243R transactivation of the PCNA promoter (Fig. 6) . In contrast, p107 could still reverse E1A 243R-induced expression directed by PCNA promoters containing mutations Ϫ53GT and Ϫ56GA. These point mutations lie within the PERE and reduce transactivation by E1A 243R but reside outside the RFX1-binding site and do not adversely affect RFX1 binding and EH1 complex formation in vitro (Fig. 3B, lane 5) (39a) . These data support the conclusion that the repressive effect of p107 on E1A-activated PCNA expression is exerted through PCNA promoter sequences which constitute part of an RFX1 consensus binding site.
DISCUSSION
p107 is a member of the pocket family of proteins that includes the retinoblastoma tumor suppressor pRB and the p130 protein (15, 18, 21, 26, 29, 30, 39) . Overexpression of p107 arrests cells in the G 1 phase of the cell cycle (12, 68) , suggesting that it plays an important role in cell cycle progression. Because p107 is a nuclear phosphoprotein that can bind to and modulate the activity of transcription factors, including E2F (16, 22, 38) , one of its biological functions likely involves the transcriptional regulation of genes involved in the control of cell proliferation. Therefore, the downregulation of PCNA expression by p107 may constitute one of the pathways by which this E1A-associated protein can influence the cell cycle.
In addition to the well-characterized regulatory mechanism mediated by E2F (16, 22, 38) , p107 can also repress transcription independently of its ability to interact with the E2F family of transcription factors (13) . In fact, p107 has also been shown to bind to and inhibit the transactivation domain of the c-myc transcription factor (24) . However, we did not observe any effect of E2F overexpression in transient expression assays with the minimal PCNA E1A-responsive promoter (data not shown). The lack of clearly defined E2F or c-myc binding sites in the minimal PCNA E1A-responsive promoter, and the failure to detect E2F in PCNA promoter mobility shift assays by either oligonucleotide competition or antibody interference (data not shown), also argued that antagonism of E1A-induced PCNA expression by p107 occurs via a novel inhibitory mechanism. This reversal of E1A-induced PCNA expression by p107 is congruous with p107's known transcriptional repression properties. While p107 overexpression has no significant effect on basal transcription from the PCNA promoter, it antagonizes dramatically the transactivation of the PCNA promoter by E1A 243R. Since p107DE and other derivatives which cannot bind E1A 243R retain the ability to antagonize E1A 243R-induced promoter expression, only a minor portion of this inhibition occurs via a squelching mechanism. Evidently, p107's ability to reverse E1A 243R-transactivated PCNA expression resides in domains outside its pocket region.
Antibody interference experiments demonstrated that the retinoblastoma-related protein p107 and RFX1 participate in the same DNA-protein complex in vitro, but the existence and nature of any physical or functional interaction between the two proteins remain to be determined. Moreover, in contrast to the clear-cut effects of p107 overexpression, in vivo assays with RFX1 have been inconclusive to date. RFX1 overexpression nonspecifically increased both basal and E1A-transactivated PCNA promoter activity as well as the expression of ␤-galactosidase from control plasmids, so no firm conclusions could be drawn (data not shown). Nevertheless, mutations that abolish the RFX1-binding site and adversely affect the formation of complex EH1 abrogated the ability of p107 to reverse E1A-induced PCNA promoter activity, suggesting that the in- FIG. 6 . Mutations that specifically affect the RFX1-binding site abrogate reversal of E1A 243R-induced PCNA expression by p107. Wild-type (WT) and mutant (Ϫ44/Ϫ40, Ϫ46/Ϫ39, Ϫ53GT, Ϫ56GA CAT) PCNA-CAT reporter constructs (10 g) were cotransfected with either 0.5 g of pCMV12S.FS (control) or pCMV12S (E1A 243R) and with or without pCMV107 expression plasmid (2 g). The fold increase Ϯ standard deviation in CAT expression was normalized for ␤-galactosidase activity and represents the average of three independent experiments done in duplicate.
hibition by p107 requires these cis-acting sequences. Taken together, these results argue that p107 associates with the human PCNA promoter via the RFX1-binding site (through some as yet uncharacterized protein-protein interaction with RFX1 or another factor) to reverse E1A 243R transactivation of PCNA. In support of this notion, p107 can act as a general transcriptional repressor protein when tethered to DNA either as a GAL4 fusion protein or by virtue of its capacity to bind to E2F (57). Thus, it is possible that p107 can interfere with the function of one or several of the components of the basal transcription machinery (57) . Our findings with the PCNA promoter imply that the p107-sensitive step is rate limiting for E1A-activated transcription, but not for basal transcription, at least in HeLa cells. Although it is possible that the human papillomavirus E7 protein (which is present in these cells and can also bind p107) participates in the regulation of the PCNA promoter, no significant effects have been detected in transfection experiments carried out to date (not shown).
Recently, we demonstrated that E1A 243R can target and transactivate the PCNA promoter through interactions of the PERE with the cellular coactivator protein CBP and CREB (37) . In view of complementation studies with different E1A mutants suggesting the existence of functional domains within E1A that simultaneously associate with both p107 and p300/ CBP to optimally transactivate PCNA expression (32), we propose that transactivation of the PCNA promoter by E1A occurs via a multistep mechanism (Fig. 7) . According to this model, E1A 243R initially targets the PERE via a CBP-CREB-DNA interaction (Fig. 7A) . The E1A 243R-CBP interaction by itself may suffice to stimulate the PCNA promoter (Fig. 7B) , because CBP is known to interact with components of the basal transcription machinery, in particular, TFIIB (14, 34) . Once targeted to the promoter, however, E1A 243R may exert additional effects which contribute to PCNA activation: as illustrated in Fig. 7C , E1A 243R may simultaneously interact with p107, either directly or indirectly, to mediate the relief of transcriptional repression exerted by p107 on the PCNA promoter.
This model provides a link between the p107 protein and the human PCNA promoter, a relationship which had previously been inferred only from mutational studies of E1A 243R and correlation with the known E1A-binding proteins (32) . It readily explains the observations reported here which implicate p107 in the activation of PCNA by E1A. Presumably, E1A 243R that is transfected into cells relieves transcriptional repression of the PCNA promoter mediated by endogenous p107 present in these cells. When p107 is overexpressed, however, the amounts of E1A present in the cell are insufficient to wholly overcome the inhibition and relieve the repression ( Fig.  1 and 2) . Therefore, overexpression of p107 appears to antagonize the capacity of E1A to transactivate the PCNA promoter in these transient expression assays. Furthermore, the coordinate action of E1A 243R mediated via p300/CBP and p107 at the PCNA promoter (Fig. 7C) can account for observations implying that the p300/CBP and p107 binding regions have to be on the same E1A protein molecule for full activation of the PCNA promoter by E1A 243R (32) . This synergy between p107 and p300/CBP in the regulation of PCNA gene expression sheds new light on the pathways and networks of interactions which control the cell cycle and normal cellular growth. 
